PURPOSE. We examined the 10-year incidence of localized retinal nerve fiber layer defects (RNFLDs) and associated factors in adult Chinese.
T he optic nerve as cerebral fascicle has its origin in the retinal ganglion cell layer. Its axons extend from the inner retina through the optic disc, optic nerve, and optic tract to the lateral geniculate ganglion. Any optic nerve damage affects the retinal nerve fiber layer (RNFL) through the loss of optic nerve fibers. The RNFL has conventionally been examined by ophthalmoscopy or on color fundus photographs. [1] [2] [3] [4] [5] The visibility of the RNFL shows a specific pattern with usually the best visibility in the temporal inferior arcade, followed by the temporal superior arcade, nasal superior arcade, and nasal inferior arcade. 6 The distribution of the RNFL visibility correlates with the thickness of the RNFL as measured by histomorphometry or confocal scanning laser tomography, with the diameter of the retinal arterioles, and with the normal shape of the neuroretinal rim. [7] [8] [9] [10] [11] A loss in the RNFL visibility occurs in a diffuse manner or in a localized pattern. [2] [3] [4] [5] 12 Localized RNFL defects (RNFLDs) appear as wedge-shaped dark areas running toward, but not necessarily touching, the optic disc border. Since localized RNFLDs do not occur in normal eyes, they have a high diagnostic specificity for an optic nerve abnormality and, thus, a high importance in the clinical detection of an optic nerve damage. 13, 14 Evaluation of the RNFL, and in particular the search for localized RNFDs, has become an integral part of the routine ophthalmoscopic examination.
Previous cross-sectional studies examined the prevalence of localized RNFLDs, and the factors associated with localized RNFLDs in hospital-based studies and cross-sectional population-based investigations. To our knowledge, the incidence of localized RNFLDs or the change of existing localized RNFLDs over time has been examined neither in hospital-based studies nor in a population-based manner. In view of the clinical importance of localized RNFLDs, we conducted this study to assess the incidence of localized RNFLDs and their change over time. We chose a population-based study design to avoid a potential selection artifact, inherent as a referral bias to any hospital-based study. Copyright 2015 The Association for Research in Vision and Ophthalmology, Inc. iovs.arvojournals.org j ISSN: 1552-5783
METHODS
The Beijing Eye Study is a population-based study that was performed in 2001 and repeated in 2011. The Medical Ethics Committee of the Beijing Tongren Hospital approved the study protocol and all participants gave informed written consent according to the Declaration of Helsinki. All data underlying the findings in our study are freely available in the manuscript and in data files available from the authors. Of 5324 eligible individuals, 4439 (83.4%) participated in the baseline study in 2001 with a mean age of 56.4 6 10.4 years (range, 40-101 years). In 2011, the study was repeated by inviting all participants from the survey of 2001. The details of participants and nonparticipants at baseline, and at the 10-year follow-up examination in 2011 and the examinations techniques have been described previously. 15, 16 In 2001 and 2011, all study participants underwent an interview with standardized questions on socioeconomic parameters, psychic depression, physical activity, known major systemic diseases, and intake of systemic medication. The ophthalmological examination included measurement of visual acuity, tonometry, slit-lamp-based biomicroscopy of the anterior ocular segment, ophthalmoscopy, and photography of the cornea, lens and fundus (fundus camera, type CR6-45NM; Canon, Inc., Lake Success, NY, USA) with the pupils medically dilated. The study technique already has been described in detail. [15] [16] [17] In 2011, we additionally measured the concentrations of glucose, cholesterol, low-density lipoproteins, and high-density lipoproteins, which were determined in fasting blood samples. Arterial hypertension was defined as a systolic blood pressure ‡ 140 mm Hg and/or a diastolic blood pressure ‡ 90 mm Hg, and/or self-reported current treatment for arterial hypertension with antihypertensive medication. Diabetes was defined as fasting glucose concentrations ‡ 7.0 mmol/L and self-reported diagnosis of diabetes. Dyslipidemia was defined as any of hypercholesterolemia (total cholesterol concentration ‡ 5.72 mmol/L [220 mg/dL]), hypertriglyceridemia (triglyceride concentration ‡ 1.70 mmol/L [150mg/dL]), low high-density lipoprotein-cholesterol (HDL-C concentration 0.91 mmol/L [35 mg/dL]), or a positive history for dyslipidemia.
Glaucoma was defined according to the optic nerve head criteria of the International Society of Geographic and Epidemiological Ophthalmology ISGEO, 18 and it was defined by a glaucomatous appearance of the optic disc. 19 The optic nerve head was glaucomatous (1) if the inferior-superior-nasaltemporal (ISNT)-rule of the neuroretinal rim shape was not fulfilled in early glaucoma and in eyes with a normally shaped optic disc (it included a notch in the neuroretinal rim in the temporal inferior region and/or the temporal superior region), or (2) if an abnormally large cup was present in a small optic disc, which normally would not show cupping. The assessment of the optic disc photographs was carried in a masked manner. Each photograph of a glaucomatous optic disc was independently adjudicated by three senior graders (LX, YXW, JBJ). Besides the criteria described above, no other criteria were applied for the definition of glaucoma. The glaucoma definitions were used only for screening and they did not form the basis for the decision of a treatment of the patients. The application of the criteria for the definitions of glaucoma was based on a mydriatic fundus examination as the fundus photographs had been taken with the pupil medically dilated. As described in detail previously, the whole glaucoma group then was differentiated by gonioscopy or anterior segment optical coherence tomography (OCT) into subjects with openangle glaucoma or angle-closure glaucoma. 19 The minimum criterion for diagnosis of diabetic retinopathy was the presence of at least one microaneurysm.
The RNFL was assessed on the fundus photographs and the photographs of the optic disc. The photographs had been taken at baseline of the study in the year 2001 and 10 years later. A localized RNFLD was defined as a wedge-shaped and not spindle-like defect, running toward or touching the optic disc border for not more than 608 of the optic disc circumference. The photographs were examined by an experienced ophthalmologist (RJ) in a masked manner without knowledge of the history, morphometric optic disc data, perimetric results, and other data. In case of doubt, the photographs were reexamined by a panel including several ophthalmologists (RJ, YXW, LX, JBJ). The technique already has been described in detail previously. 12 Incident-localized RNFLDs were defined as absence of localized RNFLDs in both eyes at the baseline examination in 2001 and presence of a localized RNFLD in at least one eye at the follow-up examination in 2011, or incident-localized RNFLDs were defined by an enlargement of a RNFLD that already existed in 2001.
In 2011, the thickness of the RNFL was additionally measured by spectral-domain OCT (SD-OCT, Spectralis HRA-OCT; Heidelberg Engineering, Heidelberg, Germany). We used the high-speed resolution mode to collect the images. Circular B-scans (3.4-mm diameter, 768 pixels, 1536 A-scans/s) centered at the optic disc were automatically averaged to reduce speckle noise. The pupil was dilated by the 1% tropicamide before examination. The Spectralis OCT software, Heidelberg Explorer (HEE, version 5.3) was used for the automatic segmentation of the RNFL and for the calculation of the RNFLT. Artificial adjustment of upper and lower boundary lines when position was misplaced was done automatically by the machine itself.
The statistical analysis was performed using a commercially available statistical software package (SPSS for Windows, version 21.0; IBM-SPSS, Chicago, IL, USA). The results of only one randomly selected eye per subject were taken for statistical analysis. For that purpose, we randomly assessed for which study participant numbers the right or left eye was included into the statistical analysis. In a first step of the analysis, we examined the mean values (presented as mean 6 SD). Frequencies were presented as mean 6 SE. In a second step, we performed univariate analyses with the presence of localized RNFLDs as dependent parameter, and ocular and general parameters as independent parameters. In a third step, we performed binary regression analysis, with the presence of localized RNFLDs as dependent variable and all those parameters as independent variables that were significantly associated with the presence of localized RNFLDs in the univariate analysis. We then dropped step by step those parameters from the list of independent variables that no longer showed a significant association with the presence of localized RNFLDs, starting with the parameter with the highest P value. Odds ratios (OR) and 95% confidence intervals (95% CI) were presented. All P values were 2-sided and were considered statistically significant when the values were less than 0.05.
RESULTS
Of 4439 subjects who participated in the baseline examination in 2001, 2695 (1139 men [42.3%]) were reexamined in 2011, whereas 379 were dead and 1365 did not agree to be reexamined or had moved away (see Fig.) . The response rate was 60.7% of the original cohort, or 66.4% of the survivors. Study participants were significantly (P < 0.001) younger than nonparticipants and lived more often in the rural region. Both groups did not differ in refractive error (P ¼ 0.23) and sex (P ¼ 0.06). Of the 2695 subjects reexamined in 2011, 185 (396 eyes) were excluded, since the quality of the fundus photographs did not allow a reliable assessment of the RNFL. Additionally, 88 subjects (129 eyes) were excluded since they showed a localized RNFLD in 2001 that did not change during the follow-up period. The study population eventually included 2422 subjects ( Table 1 ). The participants excluded from the study (n ¼ 273) compared to the persons included were significantly older (P < 0.001), lived more often in the rural region (P < 0.001), and had a lower cognitive function score (P < 0.001), higher systolic (P < 0.001) and diastolic (P < 0.001) blood pressure, and a thinner overall RNFL (P < 0.001, Table  1 ). Both groups did not differ in parameters, such as sex (P ¼ 0.39), body mass index (P ¼ 0.41), IOP (P ¼ 0.70), and biochemical blood analyses.
An incident-localized RNFLD from 2001 to 2011 was detected in 114/2422 persons (4.7% 6 0.2%) or 139/4867 eyes (2.9% 6 0.2%). Of these 114 persons, 25 (22%) had localized RNFLDs bilaterally, and 89 (78%) had localized RNFLDs unilaterally. Of the 89 persons with unilateral incident RNFLDs, 4 subjects showed localized RNFLDs in one eye, while the contralateral eye revealed a diffuse RNFL loss. Among the 114 persons with incident RNFLDs, 78 showed newly developed localized RNFLDs, while 36 subjects showed an enlargement of a preexisting localized RNFLD.
Looking for ophthalmologic causes for the incident-localized RNFLDs revealed that of the 139 eyes (114 patients) with incident-localized RNFLDs, 61 (44%) eyes had glaucoma or were glaucoma suspects. In the case of a glaucoma suspect, the definition of glaucoma as outlined above was partially, but not fully, fulfilled. Seven (5%) eyes showed nonglaucomatous optic nerve damage with increased pallor of the neuroretinal rim of the optic disc, a normal appearance of the neuroretinal rim shape according to the ISNT-rule, and decreased retinal arteriolar diameter. 11 In two (1%) eyes a retinal vascular disease, such as diabetic retinopathy or retinal vein occlusions, was assumed to be associated with the incident-localized RNFLDs. For 69 (50%) of the eyes, the cause for the incidentlocalized RNFLDs remained elusive.
In univariate analysis, the 10-year incidence of localized RNFLDs was significantly associated with the systemic parameters of higher systolic (P ¼ 0.003) and diastolic (P ¼ 0.007) blood pressure, and higher prevalence of arterial hypertension (P < 0.001), heavier body weight (P ¼ 0.002), longer waist circumference (P < 0.001), longer hip circumference (P ¼ 0.04), higher body mass index (P ¼ 0.02), higher prevalence of previous cerebral infarction (P ¼ 0.046), higher prevalence of diabetes mellitus (P < 0.001) and diabetic retinopathy (P ¼ 0.003), rural versus urban region of habitation (P ¼ 0.01), lower cognitive function score (P ¼ 0.03), and with the ocular parameters of shallower anterior chamber depth (P < 0.001), higher IOP (P ¼ 0.008), higher prevalence of glaucoma (P < 0.001) overall, open-angle glaucoma (P < 0.001), angle-closure glaucoma (P < 0.001), and retinal vein occlusions (P ¼ 0.008, Table 2 ). The binary logistic regression analysis included the 10-year incidence of localized RNFLDs as dependent variable and all parameters as independent variables, which were significantly associated with RNFLD incidence in the univariate analysis. We first dropped body weight, and circumference of hip and waist due to the collinearity with body mass index. We then dropped step by step all other parameters from the list of independent variables that were no longer significantly associated with incident-localized RNFLDs. In the final model, a higher 10-year incidence of localized RNFLDs was significantly associated with a higher prevalence of arterial hypertension (P ¼ 0.002), higher diastolic blood pressure (P ¼ 0.02), higher prevalence of previous cerebrovascular infarction (P ¼ 0.007), younger age (P ¼ 0.01), higher prevalence of diabetic retinopathy (P ¼ 0.001), higher prevalence of open-angle (P < 0.001) and angle-closure (P < 0.001) glaucoma, and thinner RNFL (P < 0.001, Table 3 ).
DISCUSSION
In our population-based study, incidence of localized RNFLDs was 4.7% 6 0.2% per person or 2.9% 6 0.2% per eye. A higher 10-year incidence of localized RNFLDs was significantly (P < 0.05) associated with higher diastolic blood pressure; higher prevalences of arterial hypertension, previous cerebrovascular infarction, diabetic retinopathy, and open-angle and angleclosure glaucoma; younger age; and thinner RNFL. One may infer that the development of localized RNFLDs in patients without glaucoma and without diabetic retinopathy suggests screening for modifiable risk factors common to arterial hypertension and cerebrovascular infarcts. To our knowledge, this was the first study on the 10-year incidence of localized RNFLDs so that the results cannot be compared directly with the findings obtained in previous hospital studies or population-based investigations. The association between localized RNFLDs, and glaucoma and diabetic retinopathy also was described in cross-sectional studies. [3] [4] [5] 13, 17, 20, 21 The association between localized RNFLDs and arterial hypertension or cerebrovascular stroke has not often been described yet. 22, 23 Kim et al. 22 examined 4395 Korean subjects who underwent health checkups, including brain magnetic resonance imaging and fundus photography. Prevalence of RNFLDs, detected in in 5.4% of the study population, was significantly higher in hypertensive subjects (OR, 1.73) and in subjects with cerebral small vessel disease (OR, 1.58). In a recent hospital-based study by Xu et a. 23 on 359 patients with arterial hypertension and 331 individuals without hypertension, presence of localized RNFLDs was significantly associated with arterial hypertension after adjusting for blood concentrations of glycosylated hemoglobin HbA1c and hyperlipidemia in a multivariate analysis. The association between arterial hypertension and localized RNFLDs was in addition to the association between arterial hypertension and the classic retinal microvascular abnormalities such arteriovenous nicking and generalized arteriolar narrowing. Also, the various categories of arterial blood pressure (optimal/normal/highly normal; mild, moderate, and severe hypertension) were significantly associated with localized RNFLDs in multivariate analysis. The ORs for the association between localized RNFLDs and arterial hypertension were higher than those for the association between retinal microvascular abnormalities and arterial hypertension. These investigations agreed with a study on arterial hypertensive rhesus monkeys, in which localized RNFLDs developed during the follow-up. 24 In a hospital-based study, localized RNFLDs were significantly associated with acute or preceding cerebral stroke after adjusting for arterial blood pressure and other factors associated with stroke or localized RNFLDs. 25 These preceding cross-sectional hospital-based studies, the experimental monkey study, and the present longitudinal populationbased investigations agree on the association between localized RNFLDs and arterial hypertension and cerebral stroke. It suggests that localized RNFLDs should be searched for in any patients with arterial hypertension and/or at risk for stroke. This may hold true in particular in patients in whom a localized RNFLD cannot be explained by coexisting glaucoma, diabetic retinopathy, or any other ocular reason for localized optic nerve damage. The reason for the association between localized RNFLDs and stroke may be the anatomy with the retina and brain sharing the same vascular system stemming from the internal carotid artery.
The detectability of localized RNFLDs increases with a greater thickness of the RNFL, which shows a typical distribution in normal eyes. It usually is thickest in the temporal inferior and temporal superior sectors, followed by the nasal superior and nasal inferior sectors. 10 The regional differences in the ophthalmoscopic detectability of the RNFL is associated with the diameters of the retinal arterioles, which usually are thicker in the temporal inferior vessel arcade than in the temporal superior arcade, with the physiologic shape of the neuroretinal rim of the optic nerve head following the so called ISNT rule, and with the location of the foveola approximately 0.5 mm inferior to the horizontal optic nerve head axis. 10, 11 Depending on these physiological parameters of the RNFL, localized RNFLDs usually are detected more often in the temporal inferior fundus and temporal superior regions than in other fundus areas. 12 One reason for the association between a higher incidence of localized RNFLDs and younger age (P ¼ 0.01; OR, 0.97; 95% CI, 0.94, 0.99) may have been a higher degree of opacities in the optic media of the eye, in particular of nuclear cataract, in older individuals compared to younger persons, leading to a decrease in the ophthalmoscopic visibility of the RNFL and in the detectability of localized RNFLDs. 12 Another reason may have been that older individuals compared to younger ones have experienced a physiological loss of retinal ganglion cell axons of approximately 0.3% per year of life, parallel to a loss of 0.3% of their rods, cones, and retinal pigment epithelium cells. [26] [27] [28] Since localized RNDLs can be detected better the higher the contrast is between the depth of the defect and the height of the surrounding retinal nerve fiber layer tissue, any decrease in the general thickness of the RNFL may be associated with a generally decreased visibility of localized RNFLDs. Finally, a third reason why older age was not associated with an increased incidence of localized RNFLDs in our study was that the multivariate model included major age-related diseases that were associated per se with localized RNFLDs, so that after adjusting for the prevalence of these diseases, the incidence of localized RNFLDs was not associated with older age, but with younger age. The association between localized RNFLDs and diabetic retinopathy, as well as the association between localized RNFLDs and arterial hypertension may be due to preceding microinfarcts in the RNFL, with retinal cotton-wool spots as their ophthalmoscopic correlate. 29 These retinal cotton-wool spots disappear after approximately 2 months and leave back a localized RNFLD, which remains visible as long as the surrounding RNFL tissue is thick enough to result in a sufficient spatial contrast between the depth of the localized RNFLD and the height of the surrounding tissue. As long as the RNFL remains sufficiently thick to allow the detectability of localized RNFLDs, the latter can be regarded as a lifelong marker for a previous event damaging the optic nerve in a localized manner.
If the various parameters that were significantly associated with incident-localized RNFLDs in the multivariate analysis were compared to each other, the strongest associations were detected for open-angle glaucoma and angle-closure glaucoma, followed by diabetic retinopathy (Table 3 ). Higher diastolic blood pressure with an OR of 1.02 had a relatively weak association with incident RNFLDs (Table 3 ). If one takes into account, however, that also presence of arterial hypertension was included in the multivariate analysis and that it was associated positively with incident RNFLDs, the importance of arterial hypertension in general and of elevated diastolic blood pressure in particular for the development of localized RBFLDs gets more evident. In the multivariate model, every increase in diastolic blood pressure by 1 mm Hg increased the incidence of localized RNFLDs by 2%.
This study is part of a whole series of investigations of the Beijing Eye Study, which also addressed aspects of the RNFL previously. These former studies by the Beijing Eye Study were focused on the presence of myelinated nerve fibers in the retina, on the ophthalmoscopic assessment of the RNFL in general, and the associations of the ophthalmoscopic visibility of the RNFL with other ocular and systemic parameters, on the thickness of the RNFL, and its associations with ocular and systemic parameters, on the detection of localized RNFLDs by OCT, and on the association between localized RNFLDs and stroke in a cooperation between the Beijing Eye Study and hospital-based study from a neurological department. The current study presented new data on the 10-year development of new localized RNFLDs. To our knowledge, such data from the Beijing Eye Study have not been presented and have not been discussed before. In a similar manner, the other longitudinal population-based studies in ophthalmology have not yet presented such data and findings. 9, 17, [30] [31] [32] Other recent studies by the Beijing Eye Study, such as the observed association between the estimated cerebrospinal fluid pressure and retinal vein diameter in arterial hypertension, and the 10year mortality of ocular diseases, do not have a direct association with the topic of the current study. 33, 34 From a practical point of view, one may raise the question whether brain imaging should be performed to exclude cerebral ischemic attacks in patients without glaucoma or diabetic retinopathy and who present with an incident RNFLD. The design of our study did not allow answering such a question. Since, however, stroke was one of the main factors associated with incident RNFLDs, in particular after exclusion of glaucoma and diabetic retinopathy, one may consider a neurologic examination of such patients.
Interestingly, for approximately half of the incident-localized RNFLDs, an ophthalmological reason could not be named clearly. It may show the clinical importance of localized RNFLDs for the ophthalmological assessment of systemic diseases, such as arterial hypertension and stroke. This list of systemic diseases potentially leading to localized RNFLDs also may include autoimmune pathologies, which also can give rise to wedge-shaped defects of the RNFL. 35, 36 Potential limitations of our study should be mentioned. First, we could not use OCT-based data on the incidence of localized RNFLDs, since at baseline of the study in 2001, the OCT device was not available for the study. Therefore, we had to use fundus photographs-based data on the incidence of localized RNFLDs. Previous study had revealed that localized RNFLDs as detected by assessment of fundus photographs were almost congruently detected by SD-OCT. [37] [38] [39] In 2011, however, we measured the RNFL thickness by SD-OCT so that the RNFL thickness could be used as one of the parameters in the multivariate analysis. Second, a multivariate analysis with so many parameters assessed as in the present study with a sample size of 114 subjects (with localized RNFLDs) runs the risk of an overestimation of the statistical significance of associations and differences, and has a marginal statistic power even it is significant. If a Bonferroni correction was applied for adjusting for performing multiple comparisons, most of the P values were, however, still smaller than 0.05. In the multivariate analysis, the associations between the 10-year incidence of localized RNFLDs and presence of arterial hypertension, diabetic retinopathy, open-angle glaucoma, and of angle-closure glaucoma, and thickness of the RNFL remained statistically significant after performing a Bonferroni correction. Third, as for any prevalence study nonparticipation or exclusion of subjects may have led to a confounding effect. In our 10-year follow-up study, of 4439 participants who participated in the baseline examination in 2001, 2422 subjects or 54.6% eventually were included into the present study. In view of the relatively long follow-up, this figure may be acceptable. Strength of our study was that it was the first population-based investigation that assessed the incidence of localized RNFLDs longitudinally, over a relatively long period of 10 years.
In conclusion, the 10-year incidence of localized RNFLDs in adult Chinese (4.7% 6 0.2%) was strongly associated with arterial hypertension and higher prevalence of cerebrovascular infarcts, in addition to ocular reasons, such as glaucoma and diabetic retinopathy. Development of localized RNFLDs in patients without glaucoma, diabetic retinopathy or other ocular reasons for a localized RNFLD suggests arterial hypertension or cerebrovascular infarction. Ophthalmologically normal subjects with incident-localized RNFLDs may be screened for arterial hypertension and cerebrovascular infarcts.
